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Abstract 
 
 
The electronic properties of stanene, the Sn counterpart of graphene, are theoretically studied using 
first-principles simulations. A topological to trivial insulating phase transition, either induced by an out-of-plane 
electric field or by quantum confinement effects is predicted. These results highlight the potential use of stanene 
nanoribbons in gate-voltage controlled dissipationless spin-based devices, and also set the minimal nanoribbon 
width to be used in such devices, which should be typically about 5 nm.  
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Two dimensional (2D) materials are gaining a lot of interest for their potential use in nanoelectronic devices, 
these materials offering the possibility to downscale the channel thickness at the atomic level, which could lead 
to much improved electrostatic control of the device and suppression of so-called short channel effects [1-3]. 
Among these materials, graphene could be used in high frequency analog devices [2,4] and semiconducting 
transition metal dichalcogenides could be integrated in high performance and low power logic devices [2,3,5].     
Other group-IV 2D hexagonal layers like silicene [6-8], germanene [9] and stanene [10-15] are also gaining 
much interest, due to their predicted unique structural and electronic properties, as well as their possible better 
compatibility with the existing Si nanotechnology platform (as compared to graphene). Stanene, a two 
dimensional layer of Sn atoms, is predicted to be a topological insulator with an energy band gap of about 0.1 
eV, which is induced by the strong spin orbit (SO) coupling in this 2D material [10-13]. Transport via 
spin-polarized edge states should then take place in stanene nanoribbons, potentially of much interest for future 
low-power (dissipationless) spin-based logic devices. Remarkably, the possible growth of stanene on 
(111)Bi2Te3 substrates has been reported very recently [14], paving the way to the potential use of this novel 2D 
material in low power spintronic devices. 
Using first-principles calculations, based on density-functional theory (DFT), we report here the possibility to 
tune the electronic properties of stanene with an out-of-plane electric field, a transition from a topological to 
trivial insulator being predicted at a critical electric field of about 0.5 V/Å. The interplay between quantum 
confinement and spin orbit coupling effects on the topological order of stanene nanoribbons is next investigated. 
Our results highlight the importance of the minimal nanoribbon gate width in spin-based dissipationless devices, 
which should be about 5 nm.   
DFT simulations were performed with the plane-wave code Quantum Espresso [16], using the generalized 
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gradient approximation for the exchange-correlation functional, as parametrized by Perdew-Burke-Enzerhoff 
(PBE) [17]. A fully relativistic projected augmented wave (PAW) pseudopotential was used [18], with a cut-off 
energy of 36 Ry. The k-point mesh for the Brillouin zone integration was fixed to (8x8x1) for the atomic 
relaxation and (20x20x1) for the computation of the energy band structure, with a convergence criteria fixed to 
10-6 Ry. Quantum confinement effects were studied on Sn armchair nanoribbons, with different widths. The 
egdes of the ribbons were passivated by F atoms, the topological order of stanene being preserved when 
functionalized by F adatoms [10].  The computations were performed on periodic slab models, with a vacuum 
layer of about 10 Å to avoid spurious interactions between the neighbouring cells. To study the effect of an 
external electric field on the electronic properties of the system, a periodic saw-like potential was applied in the 
direction perpendicular to the slab. 
The computed in-plane lattice parameter of stanene is 4.70 Å and its buckling distance is 0.82 Å, in very good 
agreement with previous DFT calculations [10-13]. Band inversion is induced by SO coupling, the material 
being a 2D topological insulator with a computed energy band gap (at the K-point) of about 0.1 eV, as shown in 
Fig. 1, also in agreement with previous calculations [10].  
The effect of an out-of-plane electric field on the computed energy band structure of stanene is shown in Fig. 2. 
For an electric field lower than about 0.5 V/Å, one observes a decrease of the SO coupling-induced energy band 
gap at the K-point. When the electric field reaches about 0.5 V/Å, the gap closes at the K-point and the system 
becomes metallic. For an electric field higher than this critical value, the gap opens again, but in this case, band 
inversion does not occur and the material is a trivial insulator. The computed energy band-gap is shown in Fig. 3 
as a function of the out-of-plane electric field Ez. A typical W shape is observed, characteristic of a transition from 
a topological insulator to a trivial insulator [19] at a critical field of about 0.5 V/Å. 
This electronic phase transition is related to the breaking of the inversion symmetry by the presence of the 
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out-of-plane electric field and the occurrence of an (extrinsic) Rashba effect [20,21]. Within an effective 
tight-binding Hamiltonian approximation, the Rashba coupling constant lR is given by [20,21]  
 
   ,          (1) 
 
where e is the electron charge, Ez the amplitude of the out-of-plane electric field, zo=3ao, with ao the Bohr radius, 
x the strength of the atomic spin-orbit interaction and Vsps the nearest-neighbour hopping parameter between s 
and p orbitals of s-type bonds; we used here x= 0.8 eV and Vsps=2.65 eV, as computed for stanene [22]. For a 
critical electric field Ez=0.5 V/Å, the corresponding Rashba coupling constant equals about 80 meV, which is 
close to the calculated spin-orbit coupling constant lSO of stanene (about 70 meV) [22]. Consequently, when 
lR≈lSO, the energy gap vanishes at the K-point and the system becomes metallic. When lR>lSO, the system 
becomes a trivial insulator. This predicted electric field induced topological to trivial insulating phase transition in 
stanene is potentially very useful for gate voltage controlled dissipationless spin-based devices. Note that the 
critical electric field Ez=0.5 V/Å corresponds to a moderate (gate) voltage drop of about 0.4 V in the stanene layer, 
its thickness (Sn-Sn buckling distance) being about 0.8 Å.  
We next investigated the effect of quantum confinements in stanene nanoribbons on the topological order of the 
system. A F-passivated armchair stanene nanoribbons with a width W=6 is shown in Fig. 4. Note that W 
represents the number of Sn dimer rows along the ribbon width, in the zig-zag direction [23]. The computed band 
gap of the Sn nanoribbons is shown in Fig.5 (a) as a function of W. Note that these results were obtained without 
including SO coupling in the calculations, and illustrate the energy gap induced in the nanoribbon by quantum 
confinements. In analogy with graphene, the computed energy band gaps of the Sn nanoribbons are oscillating 
Nano Res 
 
7
with W, with a typical periodicity of 3, corresponding to W=3m-1, W=3m and W=3m+1 (with m an integer) [23].  
When SO coupling is included in the calculations, the energy gap also present oscillations, as shown in Fig. 5 (b). 
The results for W=3m and W=3m+1 are comparable to those obtained without SO coupling. In these systems 
(open squares in Fig. 5 (b)), quantum confinements lead to an energy gap typically larger than about 0.1 eV, and 
the material behaves like a trivial insulator (absence of band-inversion). The energy band structure of a W=6 
nanoribbon (with SO coupling) is shown in Fig. 6(a). The absence of a Dirac cone in the band structure at the 
G-point (related to the spin-polarized edge states [10]) confirms that the system behaves like a trivial insulator.  
On the other hand, the W=3m-1 systems (full squares in Fig. 5 (b)) are predicted to be topological insulators. In 
these systems, the quantum-confinement induced band gap is typically smaller than about 0.1 eV, cf. Fig. 5 (a), 
and band-inversion does occur. As an example, the energy band structure of a W=8 nanoribbon is shown in Fig. 6 
(b); one clearly observes a Dirac-like cone crossing the Fermi level at the G point, corresponding to the presence 
of spin-polarized edge states, as expected for a topological insulator [10]. Note that the energy gap is defined here 
as the difference between the “bulk” conduction and valence energy band at the G-point, as illustrated in Fig. 6 (b).   
We thus conclude that the topological order of stanene nanoribbons depends on W: nanoribbons with an energy 
gap EG larger than typically 0.1 eV (induced by quantum confinements) behave like trivial insulators. When the 
quantum-confinement induced energy gap is lower than about 0.1 eV, the system is predicted to be a topological 
insulator, with spin-polarized edge-states. These findings highlight the importance of the width of the stanene 
nanoribbon to be potentially used in dissipationless spin-based devices: due to the band gap oscillations and 
inherent process-induced variation in the ribbon width, W should be larger than about 20, corresponding to a 
physical gate width of about 5 nm, in these devices. 
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Figure Captions 
 
Fig. 1. Computed energy band structure of stanene, including spin-orbit coupling effects. The 
energy gap at the K-point is about 0.1 eV.  
 
Fig. 2. Computed energy band structure of stanene in presence of an out-of-plane electric field Ez 
of (a) 0.25 V/Å, (b) 0.5 V/Å and (c) 0.75 V/Å.  
 
Fig. 3. Computed energy band gap of stanene as a function of the out-of-plane electric field Ez.  
 
Fig. 4. Atomic structure of a F-passivated Sn armchair nanoribbon (W=6). Blue and orange 
spheres correspond to Sn and F atoms, respectively. 
 
Fig. 5. Computed energy band gap of Sn nanoribbons as a function of the number of Sn dimer 
rows along the zig-zag direction. In (a), the calculations do not include SO coupling and are thus 
indicating the energy gap induced by quantum confinements. In (b), SO coupling is included.    
 
Fig. 6. Energy band structure of F-passivated armchair Sn nanoribbons (including SO coupling), 
with (a) W=6 and (b) W=8.  
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Fig. 4. M. Houssa et al. 
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